In this study, bioactive hydroxyapatite nanoparticles were prepared by two different methods: wet chemical precipitation and biomimetic precipitation. The aim was to evaluate the morphology, particle-size, crystallinity and phases of the powders obtained by traditional wet chemical precipitation and the novel biomimetic precipitation using a supersaturated calcium solution. The nanoparticles were investigated by transmission electron microscopy, Fourier transform infrared spectroscopy and X-ray diffraction. The results revealed that the nanoparticles were formed by hydroxyapatite with a high crystallinity and controlled morphology. Additionally, it was found that the shape and size of the nanoparticles can be modified with each preparation method.
INTRODUCTION
Bioactive materials based on hydroxyapatite nanoparticles (HAn, Ca 10 (PO 4 ) 6 (OH) 2 ) have been widely used in the biomedical field, as implant materials for bone tissue substitution, in drug delivery systems and for many other applications, due to their high biocompatibility and surface active properties. [1] [2] [3] In addition, HAn has been developed to improve adsorption and photocatalytic decomposition activity against toxic metals, bacteria, viruses and other biohazardous substances. 4, 5 In recent years, several chemistry-based processing routes have been reported for preparing HAn powders. Nanoparticles with several morphologies have been synthesized by means of solid-state reaction, the emulsion technique, sol-gel and the hydrothermal method. [6] [7] [8] [9] [10] [11] However, the wet chemical precipitation method was proven to be one of the easiest ways of preparing HAn powders. Akao et al. 10 prepared HAn nanocrystals based on the following reaction of calcium hydroxide (Ca(OH) 2 ) with orthophosphoric acid (H 3 PO 4 ):
10 Ca(OH) 2 + 6 H 3 PO 4 → Ca 10 (PO 4 ) 6 (OH) 2 
The morphology (shape and size) of the nanoparticles obtained by this method is very sensitive to the reactant addition rate, as well as to temperature and pH. 11 Another interesting and low-cost method of synthesis is by preparing HAn in metastable synthetic body fluid (SBF) under "biomimetic" conditions (37 o C and pH 7.4). Tas et al. 12 reported the formation of HAn by the biomimetic method in 24 h, with controlled morphology and a high degree of phase purity. Recently, supersaturated calcium solutions (SCS) containing inorganic ions in higher concentrations than their counterparts present in SBF, have become the most used solutions in bioceramics applications due to the shorter process time. 13, 14 This study focuses on the characteristics of the HAn powders synthesized by two different routes: the traditional wet chemical precipitation and the novel biomimetic precipitation using SCS solutions.
EXPERIMENTAL Biomimetic precipitation (HAn1)
For the preparation of the supersaturated calcium solution, 0.555 g of calcium chloride (CaCl 2 ), 0.150 g of sodium dihydrogen phosphate (NaH 2 PO 4 ) and 0.073 g of sodium bicarbonate (NaHCO 3 ) were dissolved in 500 mL of distilled water. The solution was stirred at 80 rpm and the temperature adjusted to 37 °C for 24 h. At the end of the process, the precipitate was washed with deionized water and dried in an oven at 110 °C for 2 h.
Wet chemical precipitation (HAn2)
In this method of synthesis, 100 mL of 0.3 M H 3 PO 4 solution was added to an equal volume of 0.5 M Ca(OH) 2 solution at a drip rate of two drops per second, at room temperature. The pH value was kept above 10 by the addition of ammonium hydroxide (NH 4 OH) during the precipitation process. The resultant precipitate was left in the mother solution for 5 days and finally was washed and dried using the same procedure employed for the biomimetic precipitation.
Physical, chemical and morphological characterization
The typical groups of the synthesized powders were analyzed by Fourier transform infrared spectroscopy (FT-IR, Model Thermo Nicolet´s Avatar), in the wave number range of 400-4000 cm -1 , with a resolution of 4 cm -1 . X-ray powder diffraction (XRPD) studies were carried out on a ThermoARL XTRA powder diffractometer, using Bragg-Brentano geometry with Cu Kα radiation and a solid-state Peltier cooled detector. All powder diffraction patterns were measured in continuous mode using the following conditions: 2θ angular range 20-60°, tube power 45 kV and 40 mA, 2θ step size 0.02° using a scan rate of 1° 2θ/min. The diffraction patterns were compared with those in the Powder Diffraction Files (PDF) database of the Joint Committee on Powder Diffraction Standards (JCPDS).
The phase analysis was performed by a Rietveld analysis of both synthesized powders, using the TOPAS-Academic V3.1 software. The starting model used in the Rietveld refinement was based on the structures reported in the literature, reference for hydroxyapatite (American Mineralogist Crystal Structure Database code # 0001257). 15 The background was fitted with an 18-parameter Chebychev polynomial function and the instrumental profile parameters, fitted from the Corundum standard, were kept fixed.
The crystallinity degree (Xc) of the HAn was determined using Equation 2:
16 (2) where β is the FWHM (rad) and θ is Bragg's diffraction angle (°).
The morphology and size distribution of the synthesized HAn powders was characterized with a transmission electron microscope (TEM, Model Philips CM10), operating at 80 kV and a particle size analyzer (ImageJ), respectively.
RESULTS AND DISCUSSION

FT-IR and XRD results
The infrared spectra of the synthesized powders are given in Figure 1 . The characteristic bands of internal phosphate (PO 4 3-) mode were assignments in both spectra: the band at 472 cm -1 was assigned to ν 2 (OPO) bending mode; the presence of two characteristic bands around 568 and 601 cm -1 correspond to ν 4 (OPO) bending mode; the 960 cm -1 band in the spectra was assigned to ν 1 (PO) symmetric stretching and the doublet in the range 1100-1000 cm -1 was assigned to ν 3 (PO) antisymmetric stretching mode. These bands indicate the characteristic molecular structures of the polyhedrons of PO 4 3-in the apatite lattice. 17 Further, at 3572 cm -1 the main hydroxyl vibration ν (OH -) was observed in both spectra; in HAn1 spectrum a band at 635 cm -1 was observed, which is attributed to OH -groups (δ), 17 yet is not observed in the HAn2 spectrum. On the other hand, the observed bands at 3400 and 1640 cm -1 (H 2 O) in both spectra, correspond to water absorption during the synthesis process.
The FT-IR spectrum of the HAn2 obtained by wet chemical precipitation shows carbonate peaks in the range 1500-1400 and 868 cm -1 , corresponding to the asymmetric stretching (ν 3 mode) and out--of-plane bending (ν 2 mode) vibrations, respectively. 18 The formation of carbonate is due to the adsorption of atmospheric CO 2 during the ripening time. This phenomenon is related to the highly alkaline conditions in the solution, in which there are sufficient OH -ions for the reaction with CO 2 . 19, 20 X-ray diffraction analyses were employed to confirm the crystalline phase formation, degree of crystallinity and crystallite size of the powders synthesized by the two methods (Figure 2) . Figure 2 shows the XRPD patterns of the powders synthesized compared with the reference pattern of JCPDS: PDF Ref. 09-0432. The diffraction peaks correspond to those of hexagonal synthetic hydroxyapatite and space group P63/m.
The peak broadening reflects the nanocrystalline nature of the synthesized powders. Table 1 shows the results of Rietveld analysis and gives the lattice parameters and crystal size of HAn1 and HAn2. The apparent size of HAn crystallites obtained from XRPD patterns analysis is similar for both HAn obtained.
The HAn crystallites are approximately 14.7 ± 0.2 and 16.1 ± 0.2 nm in length for HAn1 and HAn2, respectively. These values are slightly lower than the range reported for bone apatite crystallites (20-40 nm in length). 21 The anisotropic crystallites are significantly longer in the c-direction than in the a-or b-directions. The crystallites consistently share these dimensions regardless of the mass of HAn. This geometry mimics actual bone apatite crystals which are anisotropic and elongated along the c-axis. 22 The evaluated degrees of crystallinity for HAn1 and HAn2 powders were 67 and 42%, respectively. This result shows a higher crystallinity for the nanohydroxyapatite obtained by the biomimetic method in only 24 h.
TEM and particle size distribution results
The morphologies of the nanoparticles prepared by the two different routes are shown in Figure 3 . The HAn powders obtained by the biomimetic precipitation method (HAn1) were spherical or close to spherical in shape, with an average diameter of 27 ± 5 nm. On the other hand, the particles synthesized by the wet chemical precipitation method (HAn2), showed needle-like morphology with a particle width of 62 ± 22 nm and length of 23 ± 7 nm. In both cases, the particles showed a high tendency to agglomerate. This result is due to the increasing of the ripening time that cause the preferential growth orientation observed along the plane formed by the calcium1 atoms (002) inside the hydroxyapatite crystal. Figure 4 shows the particle size distribution of HAn samples which are synthesized by biomimetic and wet chemical precipitation methods.
As seen in the figure, the particle size distributions obtained by both synthesis methods are quite different. In terms of particle distribution, the ranges were within 15-41 nm for the particles obtained by biomimetic precipitation and 27-118 nm for the samples produced according to wet chemical precipitation.
The morphology and crystallinity of the precipitated powder proved closely related with the exposure time in the solutions (ripening time). The decrease in crystallinity with the increase in ripening time was observed clearly by the sharpening of the diffraction peaks of the HAn powders (Figure 2) (Table 2 ).
Hydroxyapatite formation from metastable aqueous solutions is usually preceded by a precursor phase, most commonly amorphous calcium phosphate (ACP) or octacalcium phosphate (OCP). The precursor calcium phosphate then hydrolyzes into the more thermodynamically stable hydroxyapatite. The precursor phase depends on the conditions present in the solution during the precipitation reaction. 23 The presence of the PO 4 3-doublet at 601 and 568 cm -1 in spectra suggests that the precursor phase of HAn1 and HAn2 was OCP (Figure 1) . 23 In the formation of OCP, Ca 2+ ions first complexes with another species before combining with phosphate. By ordering the calcium cations onto a matrix prior to mineralization, the OCP precursor ensures a more crystalline and ordered HA phase. 24 The thermodynamically unstable OCP then hydrolyzes into a crystalline HA phase which is confirmed by Rietveld analysis. Figure 5 shows the behavior of the pH values during the biomimetic process.
The initial pH value of the solution was measured as 6.35 and increased to a maximum of 6.52 within the first hour of the process. This rapid augmentation in pH values was due to the reaction of hydrogen carbonate ions (HCO 3 -) with the H + ions from the solution, to form CO 2 and water, as follows: 
The second step of the biomimetic precipitation occurs between the first and second hours of the process and is related with the formation of the HA crystal seeds in the solution, which cause the rapid consumption of hydroxide (OH -) groups by reaction 4:
The pH values decreased slowly from two hours to the end of the process at 24 h, which indicates that the growing of the HA nanoparticles occurred very slowly ( Figure 5) .
HA is the most stable compound of calcium phosphate phases in aqueous solution at pH values higher than 4.2.
12 However, the synthesis of this compound is usually carried out in a highly alkaline media (up to pH 10) to ensure the phase purity of the product formed. We can conclude that biomimetic precipitation using SCS solutions allows the obtention of HA nanoparticles with high purity, controlled morphology and nanometric size, in slightly acidic solutions.
CONCLUSIONS
Both biomimetic and wet chemical precipitation represent simple, fast and economic routes for the synthesis of hydroxyapatite nanoparticles. The morphology and crystallinity of the resulting nanoparticles are dependent on the synthesis method and ripening time. In the HAn obtained by the wet chemical and the biomimetic precipitation method, the precursor phase was OCP and within the hydroxyapatite crystal a preferential growth along the plane formed by calcium1 atoms (002) was observed. The HAn particles obtained show different morphology depending on the synthesis method, where HAn1 and HAn2 showed spherical and needle-like morphologies, respectively.
